A series of candidate statistical indices is used in an attempt to capture spatial patterns of fish populations from research survey data. To handle diffuse population limits, indices are designed not to depend on arbitrary delineation of the domain. They characterize the location (centre of gravity and spatial patches), the occupation of space (inertia, isotropy, positive area, spreading area, and equivalent area), statistical dispersion (Gini index and coefficient of variation of strictly positive densities), and microstructure. Collocation between different ages and years is summarized by a global index of collocation. Indices are estimated for hake from a bottom-trawl data series in the Bay of Biscay in autumn of [1987][1988][1989][1990][1991][1992][1993][1994][1995][1996][1997][1998][1999][2000][2001][2002][2003][2004]. The study provides a detailed description of the spatial patterns of different hake age groups, age 3 appearing to be a turning point in these dynamics. Capturing spatial patterns through indices allows the comparison of surveyed populations and identification of trends and outliers in the time-series. Spatial indices are used in a multivariate approach to obtain an overview of the relationships between the different spatial indices characterizing the spatial behaviour of six age groups of hake, and to assess their persistence through time. A series of candidate statistical indices is used in an attempt at capturing the spatial patterns of fish populations from research survey data. To handle diffuse population limits, indices are designed not to depend on arbitrary delineation of the domain. They characterize the location (centre of gravity and spatial patches), the occupation of space (inertia, isotropy, positive area, spreading, and equivalent area), statistical dispersion (Gini index, and CV of strictly positive densities), and microstructure. Collocation between different ages and years is summarized by a global index of collocation. Indices are estimated for hake from a bottom trawl data series in the Bay of Biscay in autumn of [1987][1988][1989][1990][1991][1992][1993][1994][1995][1996][1997][1998][1999][2000][2001][2002][2003][2004]. The study provides a detailed description of the spatial patterns of the different hake age groups, where age 3 appears to be a turning point in these dynamics. Capturing spatial patterns through indices allows then comparison of surveyed populations and identification of trends and outliers in the time-series. Finally, spatial indices are used in a multivariate approach to obtain an overview of the relationships existing between the different spatial indices characterizing the spatial behaviour of six age groups of hake, and to assess their persistence through time.
Introduction
Spatial patterns of fish populations have been the subject of many ecological investigations, and changes in the spatial distribution of depleted stocks have been demonstrated. MacCall (1990) suggests that there is a relationship between geographic distribution and population abundance that may result from densitydependent habitat selection. It is also widely believed that global climate warming (McFarlane et al., 2000; Roessig et al., 2004) and fishing (Greenstreet and Hall, 1996; Garrison and Link, 2000) can influence the spatial pattern of a fish population.
Our aim was to seek a series of basic statistics or indices that could help to capture the spatial patterns of fish populations. Spatial indices can be useful in detecting changes over time, using survey data obtained from monitoring cruises, and such indices have occasionally been used for fish populations. For instance, spatial location is often summarized by the centre of gravity and the inertia (Bez, 1997) , also referred to as the distributional centroïd and the variance of spatial distribution (Hollowed, 1992) . These two parameters have been used to demonstrate shifts in spatial distributions from survey data (Atkinson et al., 1997) . An ellipse shows the centre, the main structuring directions of the geographical distribution, and the extent of dispersion around the centre (Murawski and Finn, 1988; Kendall and Picquelle, 1989; Brodie et al., 1998) .
We stress that the centre of gravity represents the mean location of a population, i.e. the mean of the locations of its individuals, whereas the inertia is the corresponding variance. It is possible to describe the statistical distribution of the values of any spatial parameter corresponding to the individuals of a population, e.g. the mean depth, variance in the depths of individuals, mean temperature, and the variance in temperatures (Bez, 1997) . When such individual-based statistics are computed, the parameter values at data locations are weighted by the population densities at the corresponding locations. It is important to realize that a sample location with zero population density has a numerical contribution equal to zero in such individual-based statistics (but to say that it has no influence would be untrue; the statistics would be different if the density at that point were not zero) (Bez and Rivoirard, 2001) . Similarly, spatially distributed abundance depends on all values of population density, being the sum of them, but the contribution of zero densities to abundance is zero.
Other spatial indices characterizing the distribution or the extension of a population from survey data have been used. Some are based on the estimation of the area over which density values exceed a specific level, a threshold that can be an absolute value, e.g. a long-term percentile abundance (Crecco and Overholtz, 1990; Swain and Wade, 1993) , or a percentage of the population (Swain and Sinclair, 1994; Swain and Morin, 1996) . Others are cumulative frequencies. Marshall and Frank (1994) used cumulative frequency plots to determine the centre of a distribution. Myers and Cadigan (1995) used a Lorenz curve to relate percentage biomass to percentage area and show increases in concentration of cod (Gadus morhua) over time using the Gini index (Gini, 1921 ). An equivalent version of the Lorenz curve is given by the geostatistical aggregation curve of mining geostatistics, which is a particularly useful tool to handle the effect on the curves of the support (a point, a surface, or a volume) on which the variable is measured or defined (Matheron, 1981) . This has been proposed in fisheries to look at the mode of aggregation of fish when abundance changes (Petitgas, 1998) .
These previous curves are basically different ways to represent the histogram of values of population density. In particular, although they are computed from spatially distributed values of population density, they would be unchanged by permutation of the data locations. This is also the case for mean population density over a domain, and for the basic statistics that can be used to describe the statistical dispersion of population densities within the domain: the variance, the standard deviation, the coefficient of variation (CV), and the Gini index. A drawback of these basic statistics is that they depend on delineation of the domain, particularly when the population has diffuse limits and one has to select which zero sample values to be included within the domain. In a case where the same domain is used to follow evolution in time, these statistics are affected by the zero densities that may be present in a time-varying proportion within the domain.
Here, we favour the use of indices that are not dependent on an arbitrary delineation of the domain and in which the values of zero density have a null contribution, as is the case for individual-based statistics. A series of spatial indices is therefore selected, intended to help capture the spatial patterns of a population in a simple manner. This is illustrated first in a mono-and bivariate approach, then in a multivariate approach using European hake (Merluccius merluccius) data collected during annual groundfish surveys carried out by IFREMER (Institut Français de Recherche pour l'Exploitation de la Mer) in the Bay of Biscay. The set of indices is then used to describe interannual variability in different age groups of the hake population, as observed during the surveys.
Material and methods

Data
Hake are commercially important in the Bay of Biscay. In addition to a directed fishery for the species for human consumption, juvenile hake are taken as bycatch by trawlers targeting Nephrops (Drouineau et al., 2006) . Data were collected during 15 groundfish surveys carried out by IFREMER from October to December of the years 1987 -2004 (EVHOE series, with gaps in 1991 , 1993 , on the eastern continental shelf of the Bay of Biscay (ICES, 1997; Poulard et al., 2003; Poulard and Blanchard, 2005) . The study area was between 48º30'N and 43º30'N, and the depth ranged from 15 to 600 m. Sampling was stratified according to latitude and depth, and the number of hauls per survey varied between 70 and 139.
A 36/47 GOV (Grande Ouverture Verticale) trawl was used with a 20-mm mesh codend liner. Haul duration was 30 min at a towing speed of 4 knots, mainly in daylight. Catch weights and numbers were recorded for all species. Hake sex and total length were recorded, and otoliths were extracted and examined in the laboratory to build age-length keys (ALKs) by sex. These keys were used to transform the length frequencies observed at each trawl station into age frequencies.
For our purpose, hake densities were disaggregated by age (0 to 5+) and expressed in numbers of fish caught per hour trawled. To calculate the index of abundance, we assumed that the area swept in 30 min of trawling was 0.02 square nautical miles.
Spatial indices
Centre of gravity and inertia The centre of gravity is the mean location of the population and also the mean location of an individual fish taken at random in the field. Inertia, the mean square distance between such an individual fish and the centre of gravity, describes the dispersion of the population around its centre of gravity.
Let x be a point in two-dimensional space (short for the usual two-dimension notation (x, y)), and z(x) be the density of population at location x. Then, the total abundance of the population (Q) is calculated from
and the probability density function of the location x of a random individual is z(x)/Q. The centre of gravity (CG) is
and the inertia (I) is
In practice, these statistics are estimated from the data through discrete summations over sample locations. In the case of irregular sampling, areas of influence around samples are used as weighting factors. Practically, from sample values z i at locations x i , with areas of influence s i , we have 
The area of influence of a sample location is defined as the area made up of the points in space that are closer to this sample than to others. It can be evaluated by overlying a very fine regular grid and counting grid points closer to the sample. Known or supposed boundaries (e.g. land, a limit distance of influence from a sample location) of the sampled population may be used.
Global index of collocation
The global index of collocation looks at how geographically distinct two populations are by comparing the distance between their CGs and the mean distance between individual fish taken at random and independently from each population (Bez and Rivoirard, 2000) . Let us consider two populations with densities z 1 (x) and z 2 (x) at point x, with ∆CG separating their centres of gravity, and I 1 and I 2 their respective inertias. Then, the global index of collocation (GIC) is 2 1 2 2 I I CG
or 1 if ∆CG² = I 1 = I 2 = 0. The spatial index ranges between 0, in the extreme case where each population is concentrated on a single but different location (inertia = 0), and 1, when the two CGs coincide and the inertias have any non-negative values.
Anisotropy and isotropy
In general, the dispersion of a population around its centre of gravity is not necessarily identical in every direction of space (i.e. isotropic). Therefore, in two dimensions, the total inertia of a population can be decomposed on its two principal axes, orthogonal to each other, explaining respectively the maximum and the minimum parts of overall inertia. This can be obtained from a principal component analysis of the coordinates of the fish constituting the population (i.e. the coordinates of the samples weighted by the densities observed). The square root of the inertia along a given axis (i.e. of the eigenvalue) gives the standard deviation of the projection of the location of the population along that axis. This can be represented conveniently on a map as a cross depicting the two principal directions. Anisotropy exists when there is a difference in inertia between the two directions. This can be summarized by the anisotropy index being equal to the square root ratio between the maximum and the minimum of the inertia. The more it exceeds 1, the greater will be the contrast between the directions as a result of anisotropy. Similarly, an index of isotropy can be defined as the inverse of anisotropy, ranging more conveniently from 0 to 1:
Number of spatial patches The spatial distribution of a fish population in a given area may include spatial patches that are bigger than a fish school. An algorithm has been written to identify spatial patches, based on the choice of a threshold distance: a sample is attributed to a patch according to the value observed and to the distance of its location from patches previously identified. The algorithm starts from the value displaying the maximum density z(x), and considers every other sample in decreasing order of density. The maximum value initiates the first patch. Then, the current sample value is attributed to the nearest patch, if the distance to its CG is smaller than the threshold distance. Otherwise, the current sample value defines a new patch. Spatial patches whose abundance is >10% of overall abundance are retained. The summary index is then the number of patches.
Positive area
The positive area (PA) is the area occupied by fish densities >0. It is expressed in square nautical miles and estimated from data as the sum of the areas of influence around samples where there are fish densities >0:
Zero values of density make no contribution to the positive area. However, the positive area is highly sensitive to low values of density, because very small or high density values make similar contributions to the positive area.
Spreading area and Gini index
The spreading area (SA) is an index related to the Gini index, but which has the advantage over the Gini index of having no contribution from zero values of density. The Gini index (ranging from 0 to 1) equals twice the area between the Lorenz curve (the graphical representation of the cumulative proportion of abundance vs. the cumulative area proportion) and the 1 : 1 line to which it would be reduced if all densities were the same. It depends on the proportion of zero-density values within the domain considered. By contrast, we define the SA as follows. Let T be the cumulated area occupied by the density values, ranked in decreasing order, Q(T) the corresponding cumulated abundance, and Q the overall abundance. The SA (expressed in square nautical miles) is then simply defined as twice the area below the curve expressing (Q-Q(T))/Q as a function of T.
The zero-density area has no contribution to the spreading area. As (Q-Q(T))/Q decreases from 1 to 0, and is convex, the SA is less than the PA. It is equal to the PA when the population is evenly spread with a constant density. When normalizing the SA by the PA, we have the simple relation:
where G 0 is the Gini index computed from density values >0.
Equivalent area and coefficient of variation
A transitive geostatistical approach (Matheron, 1971) can be used to describe the spatial distribution of a fish population when it includes a few large values of density, and when it is difficult to delimit a domain with homogeneous variations (Bez et al., 1995 ). The spatial structure is then represented by a (transitive) covariogram, a function of the distance between two locations:
Here, the equivalent area (EA) is defined as the integral range of the covariogram:
It can also be written:
It represents the area that would be covered by the population if all individuals had the same density, equal to the mean density per individual (the denominator in equation (13)). Practically, in the discrete case with sample values z i and areas of influence s i , equation (12) yields:
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The EA ranges from 0 to the PA. It would be equal to the PA if all strictly positive values of density were the same. Their ratio is related to the CV of the strictly positive values of density through the relation:
where CV 0 is the CV of density values >0. Thus, 
Inequalities exist between the spreading area and the equivalent area; these are detailed in the Appendix.
Microstructure index
The microstructure index (MI) is taken as the relative decrease of the covariogram between distance zero and a distance h 0 chosen to represent the mean lag between samples:
(17)
It measures the relative importance of structural components at a scale smaller than the sample lag (including random noise), and lies between 0 and 1. Values close to 0 correspond to a very regular, well structured, density surface, and values close to 1 correspond to a highly irregular, poorly structured, density surface.
Distribution and mean of a population parameter
This refers to the distribution and the mean of a spatially distributed parameter, weighted by fish density. In the hake example, these are used to summarize the depth and type of sediments experienced by the fish.
Analyses
Bubble plots of fish density samples, time-series of spatial indices, box plots of spatial indices, plots of centre of gravity, and tables of global indices of collocation were used to explore the data. Then, pairwise scatterplots of the spatial indices were examined. To summarize the spatial distribution of the population and to identify differences between years, an overall multivariate analysis was performed on the 15 survey years, on the six age groups from 0 (hake born during the first months of the year) to 5+ years old (age groups 0 to 5+), and on a total of 11 spatial indices: the longitude of the CG, the latitude of the CG, inertia, isotropy, number of patches, PA, SA, the Gini index of positive densities, EA, the CV of positive densities, and the MI. Multiple factor analysis (MFA) (Escofier and Pagès, 1994; Pagès and Husson, 2001; Stanimivora et al., 2005) offers a theoretical framework suited to investigation of the reproducibility of multivariate structures.
MFA was performed using SPAD software (DECISIA, 2003) to provide a simultaneous representation of the six age groups during 15 surveys. MFA first performs a separate Principal Component Analysis (PCA) for each group of variables (defined by years). Each group is then weighted by the inverse of the first eigenvalue of its separate analysis. This balances inertia between the different groups and therefore their influences in the PCA of the entire weighted matrix, performed to study the different groups of variables in a unique reference space. The correlation between the overall cloud (defined by all variables) and partial clouds (defined by the variables of each group) indicates whether there is a common structure between different groups of variables.
There are different stages of our analysis. The first, interstructure analysis, studies the relationships between groups (here, years) of variables (here, spatial indices) from an holistic point of view. The second, referred to as a compromise analysis, studies the proximities between individuals (here, age groups), based on the weighted means of the proximities associated with each group of variables. The third stage, the intrastructure analysis, consists of an analytical study of the relationships among the variables and the proximities among the individual fish in the different groups of variables.
Generally, our starting thesis is that the spatial distribution of a population is a combination of the spatial distributions of each of its main components (age groups or juveniles/adults, for instance) allowing for some differences between them. The biological requirements of each component, which should be constant year on year, result in specific spatial features for each component's distribution. A persistence of the relationship between components is expected, with some interannual variability.
Results
Spatial patterns
Spatial indices are applied to describe spatial patterns of the hake population (Table 1) inhabiting the eastern continental shelf of the Bay of Biscay in autumn of the years [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . To obtain a series of indices reliable over years, we needed to compute them inside the same polygonal domain (Figure 1 ) which delineated the maximal sampled area. The computations for a given year are weighted by the area of influence attributed to each sample for that year, the spatial population being closed by zero density values, if any, or by the limits of the domain. There were a few gaps in sampling, e.g. through bad weather, which might cause a bias in the indices. The influence of each sample was limited to 25 nautical miles in order not to extrapolate its value unduly.
The location of the population is summarized by the position of the CG for the different age groups over the study period (Figure 2 ). The CGs of hake aged 0 years were close to each other and extended linearly throughout the muddy substrata. The latitudinal range was about 140 km, but this reduced to ~100 km if the outlier year 2000 was excluded. Similarly, the longitudinal range decreased from 75 km to about 50 km if the year 2000 was excluded. We could find nothing in the information on the 2000 survey (start or end dates, spatial distribution of sampling effort, etc) that could explain its outlier status. The CGs of hake aged 1 year revealed that they were distributed between the coast and the 0-year hake and that 2-year-olds were slightly further west. The CGs of hake aged 3 years were more variable in terms of longitude (a range of 140 km) but were around the southern portion of the distribution of CGs of age groups 0-2. Scattering along the shelf edge and shifts to the west were more pronounced for age groups 4 and 5 (Figures 2 and 3b) . Additionally, the northern positions of some age 5+ CGs are attributable to there being few large values of density in the northwest of the survey area (Figure 3c ). By contrast, the CGs of the samples (not presented) weighted by their areas of influence (but not by hake densities) are stable throughout the time-series. Therefore, the differences in location of the CGs between hake age groups could not be attributed to changes in the sampling design and were interpreted as real spatial shifts. Inside each hake age group, scattering of the CGs indicates some interannual variability. Scattering was greatest for the oldest hake group.
The spatial patches were defined using a threshold distance of 100 nautical miles. The mean number of spatial patches for each age group increased slightly, from 1.8 for age 0 hake to 2.46 for age 2, peaked at 2.8 for age 3, then decreased slightly to 2.6 for age 5+ hake (Figure 3a) . The main patch for age 0 hake was over the northern continental shelf of the survey area and a lesser one south of this but varying in latitude from one year to the next (Figure 4 ). These patches we interpreted as being the nursery areas of the population.
The inertia of the population generally increased with age, indicating a greater spatial dispersion around the CG (Figure 3d ).
Isotropy increased from age 0 to age 3, then decreased (Figure 3e ). The distribution of hake in the Bay of Biscay seemingly has a preferential direction, more marked at ages 0 and age 5. The direction of age group 0 ( Figure 5 ) was 121°, corresponding roughly to muddy sediment off Brittany (Figure 6 ). It also corresponded to the line of the CGs (Figure 2 ). For ages 4 and 5, the direction was 155° and corresponded to the axis of the slope of the shelf edge, where older hake were mainly concentrated. For the intermediate ages, the population was still anisotropic, probably because of the general shape of the continental shelf, but the state was less marked, indicating maximal isotropy. More or less isotropy may be an indication of how much the spatial distribution of a population component is forced by environmental conditions (bottom sediment, bathymetry, temperature gradient, etc.).
The microstructure index was computed using a mean sample lag of 10 nautical miles. It hardly increased from age 0 to age 2, but then rose markedly for older ages (Figure 3f ). It demonstrated spatial irregularity of fish density increasing with age.
During the study period, the size of the positive area (the area where hake were present) was relatively stable until age 3, then dropped (Figure 3g ). Spreading area and equivalent area were closely related (Figures 3h and 3i) . From age 3, they decreased in a manner similar to that of the positive area. However, in contrast to the positive area, the spreading and equivalent areas increase from age 0 to age 3, showing a better spread of hake aged 3 years.
The CV of strictly positive values decreased from age 0 to age 2 (Figure 3j ), whereas the Gini index of strictly positive values decreased smoothly from age 0 to age 5, depicting a statistical dispersion that reduced with age (Figure 3k) .
The spatial behaviour of hake is strongly linked to its biology. Depth preferences vary throughout its life (Figure 7) , and we recorded an ontogenetic pattern of distribution in which age 0 hake concentrated almost exclusively between 75 m and 125 m, hake aged 1 and 2 in shallower waters over the shelf (25-125 m) and although some older fish were still found on the shelf, a good proportion, increasing with age, was caught at depths of 200-500 m (over the slope). In addition to depth, the nature of the seabed defined yet another ontogenetic pattern of distribution. Young hake (ages 0 and 1) clearly preferred muddy substrata (Figure 8 ), a preference that was more muted with age.
A few more interesting pairwise scatterplots between spatial indices are plotted in Figure 9 . Inertia and the number of patches varied in the same direction; there were more patches when the spatial dispersion around the CG was larger (Figure 9a ). Moreover, older fish dispersed more, mainly to the west side of the study area (Figure 9b ). The scatterplot of positive area and inertia (Figure 9c) shows that whereas positive area decreased with age, inertia rose with age. Therefore, hake aged 4 and 5+ years with extensive spatial dispersion and limited area of presence were in clear contrast to young hake with a broader area of presence and limited spatial dispersion. Both spreading and equivalent areas increased with positive area (Figure 9d and 9e) , in like manner (Figure 9f) . However, the microstructure index decreased when the equivalent or spreading areas increased (Figure 9g and 9h) : the fish density surface was more regular when the distribution of hake was more evenly spread.
Comparison of spatial indices: outliers and trends
Our time-series analysis of the indices allowed us to identify the main trends (increase, decrease, stability, no trend) and the years that were different in terms of spatial pattern of hake.
The global index of collocation complements the approach using the centres of gravity and inertia by quantifying the distance between populations. For hake aged 0, for instance, the mean location in 2000 was distant from that of the other years (Table 2) . Indeed, the global index of collocation calculated between year 2000 and the others was always lower. It appears that the CG in 2000 was farther north than in other years (there was no southern patch), testifying to an abnormal distribution that year.
The number of patches of hake aged 0 in each year is of note. One year (1989) had three patches, and three years (1987, 2000, 2002) had just a single patch, instead of the general two patches. Figure 4 shows the patches superimposed on the bubble plots of hake densities for a typical year (1988) and an abnormal year (2000). On average, the main patch was in the northern part of the Bay of Biscay, and the second patch in the southern part, with greater interannual variability according to latitude. In 2000, the second, southern patch was absent. This can be interpreted as poor local recruitment in the area, although the overall level of recruitment in 2000 at the scale of the whole survey area was close to the mean recruitment shown in Table 1 . The absence of the second patch in the south in 2000 partly explains the northern position of the centre of gravity and the values of the global index of collocation computed between 2000 and other years for hake aged 0.
A decrease in the spreading area through the time-series is detectable for hake aged 4 and 5+ ( Figure  10 ).
Multivariate analysis of hake spatial indices
A multivariate approach is used here to give an overview of the relationship between the different spatial indices and to assess their persistence through time. The components of the hake population (ages 0 to 5+) being characterized by spatial indices are analysed together.
The first two axes of the MFA accounted for 75% of the total variance in the data. The high value (12.5) of the first eigenvalue showed that the first MFA factor represents an important direction of variance for each of the years. The correlation coefficients between the first two MFA factors and the projection of each group of indices (years) were >0.8 (Table 3 ), indicating that the structuring factors expressed by the first two principal components of MFA were common to all years.
The first two axes of the MFA provide a good representation of the main changes in spatial distribution of hake over its life. The correlation between the indices and the axes is summarized in Table  4 . No index was well enough correlated with axis 3 (see the threshold used in the caption of Table 4) to appear in Table 4 . Axis 1 was characterized by the microstructure index, inertia and latitude (positively correlated with axis 1) countering the positive area, spreading area, equivalent area, longitude, Gini index, and the coefficient of variation of positive densities (negatively correlated with axis 1). Axis 2 was characterized by latitude and the Gini index of positive densities (positively correlated with axis 2) countering the isotropy, spreading area, equivalent area, and the number of patches (negatively correlated with axis 2). Latitude was positively correlated with both axes 1 and 2, whereas the spreading and equivalent areas were negatively correlated with both, and the Gini index was positively correlated with axis 2 and negatively with axis 1. The other indices were more specifically correlated with just one axis.
The main spatial features of the hake age groups are summarized on Figure 11 . Two groups can be identified from their scores on axis 1: the younger ages, 0-3, and the older ages, 4 and 5+. With respect to this axis 1, older ages were farther west than younger ones, with a higher microstructure index and inertia, but a smaller positive area and CV of positive densities. Age 3 yielded the largest spreading and equivalent areas (axes 1 and 2), as well as peak isotropy and most patches (axis 2). Finally, the location of age 0 hake corresponded to a higher Gini index of positive densities, whereas the location of age 5+ corresponded to a more northern distribution. The year on year variability by age (the size of the "stars" in Figure 11 ) decreased from age 0 to 3 but increased again for ages 4 and 5+.
The position of the years in the MFA principal plane (Figure 12 ) is explained by the correlation between the axes and the variables (Table 3) . Three groups of years could be identified: two had high scores on axis 1 (>0.75) and the third (1994, 2000, 1995, 1987, and 2002) had low scores on axis 1 and highly variable ones on axis 2. The first two groups could be distinguished on axis 2: a group including surveys carried out mainly at the beginning of the series (1988-1990, 1992, and 1997) , and another group of later surveys (1998, 1999, 2001, 2003, and 2004) . The latter group was characterized by smaller statistical dispersion, more patches, higher isotropy, a greater spreading area and equivalent area, and a more southern distribution.
The year 1994 most often stood apart from the centres of gravity of the age groups ( Figure 11 ). The MFA factor 2 was in that case a more critical structuring direction (Table 3 , and age groups 5+ and 2 in Figure 11 ) than factor 1 (age groups 4 and 1 in Figure 11 ). The explanation would be similar for 2000 and, to a lesser extent, 1995. Notable age groups were 0 for 2000, and 0, 4, and 5+ for 1995 (Figure 11 ).
Discussion
A set of spatial indices is proposed to describe in a simple fashion the spatial patterns of a fish population from survey data. Such a set should not be considered fixed, the idea being rather to combine several basic statistics to describe different features of the spatial population Some indices actually depend on the location where a particular value of density was observed: these were the centre of gravity and associated statistics (inertia and isotropy), the spatial patches, the microstructure index, and the statistics of parameters for the population (e.g. mean depth). Other statistics only describe statistical distributions and would not be changed by permutation of the values of a variable between sample locations (providing that associated areas of influence are the same). They include all area indices and the statistics describing the histogram of fish density values (e.g. the CV of strictly positive values). However, the histogram of fish density values includes a spatial aspect through the underlying support on which the density is measured (e.g. the area swept by the trawl). Note that the microstructure index, the CV of positive values, and the positive area, for instance, depend on the size of this support.
Because of the potential problem posed by zero values of density (i.e. which of these values need to be included in the domain?), the indices were selected so as not to be affected by zero values. This is true for all statistics weighted by the density, each individual of a population being given the same weight (this includes the centre of gravity and its associated statistics). Such a weighting has another advantage, namely the lack of sensitivity of the statistics to a low density value. For instance, one low density value makes a small contribution to the centre of gravity, but several low density values may make a significant contribution. By contrast, each low density value makes a higher contribution to the CV and the Gini index of strictly positive density values and a full contribution to the positive area.
The centres of gravity of surveys (centre of gravity of samples, weighted by the areas of influence, but not by fish densities) showed very little change. Therefore, the differences in the location of the centres of gravity between and within hake age groups may be interpreted as spatial shifts between and within the hake population components.
An important point, not addressed statistically herein, is the precision of the proposed indices when they are estimated from survey data. For example, what is the precision of the centre of gravity estimated from the fish density values of a survey? Resampling procedures can yield the sensitivity of the centre of gravity to data values. However, a hypothesis of spatial continuity is required to relate the values of fish density at sample points to unknown values over the space that defines the true centre of gravity. Geostatistical simulations may offer a solution, the price being in the very strong hypotheses required to do so. Here, the precision of spatial indices is somewhat bypassed by considering repetition in time through the evolution of the time-series, in which a sustainable trend or a change of level is likely to be significant. However, the precision would be the important issue if, for instance, the centre of gravity of the population next year lay away from where it was formerly, and if this was not attributable to a problem in the spatial sampling.
Spatial indices selected or developed here allow us to capture the spatial patterns of hake. Young hake aggregate and are spatially well structured. There are generally two patches of hake aged 0, on the muddy substrata of the eastern central continental shelf of the Bay of Biscay. The spatial pattern of hake aged 0 is related to reproduction of the species over the slope, and to the transport of eggs and larvae towards a habitat suitable for their development. Alvarez et al. (2004) suggest that the transport of the hake larvae to nursery areas is controlled by hydrographic mechanisms such as geostrophic currents in the Bay of Biscay and tidal currents in the north. The variability of such mechanisms may influence the survival of the larvae and hence the recruitment strength, which in turn affects the spatial pattern of age group 0.
Crustaceans (mainly euphausiids) are the main components of young hake diet (Guichet, 1995; Velasco and Olaso, 1998) in the Bay of Biscay and the Cantabrian Sea. The proportion of crustaceans and fish in the diet changes markedly when hake attain ~20 cm and 1 year of age (Kacher, 2004) . Then, hake become almost exclusively piscivorous and leave the nursery grounds. However, the global index of collocation between age groups 0 and 1 (between 0.839 and 0.998 through the study period) show that their spatial distributions overlap significantly. Therefore, hake aged 1 are no longer associated with nursery grounds, although their spatial distribution remains almost unchanged.
Subsequently, the spatial pattern of hake changes, and fish aged 3 years are more homogeneously distributed over the whole shelf. The number of patches, the isotropy, and the equivalent and spreading areas peak. Inertia and the microstructure index increase with age, whereas the CV and the Gini index decrease. Age 3 appears to be a turning point at which hake change the way in which they occupy space. The oldest hake groups in our study (age 4 and 5+) move offshore towards the western Bay of Biscay (note the centre of gravity) and are caught mainly along the edge of the continental shelf (where their densities are greatest). Their spatial distribution is less structured (a low microstructure index), less isotropic (low isotropy), and individual fish are more scattered while occupying a reduced area (high inertia, large number of patches, and a small positive area). As well as the positive area, the equivalent and spreading areas decrease between age groups 3 and 5+. The spatial distribution of hake is marked by a preferential direction, more marked for youngest and oldest age groups (less isotropy). For age group 0, the shape of the muddy seabed substrata defines the direction, because we have seen that hake seemingly prefer this type of substratum (proportion of abundance per type of sediment). For hake aged 5, the continental shelf edge provides the direction, although hake inhabit deeper water as they get bigger and older (relative abundance per depth class).
Several of these results were already known. The nursery areas for European hake were already known, namely in coastal, relatively shallow water over muddy seabed in the northern Bay of Biscay, known as "la Grande Vasière" (Dardignac, 1988; Bez et al., 1995) . Another known nursery area is in the southeastern corner of the Bay of Biscay (2°W) (Sanchez, 1994) . The spatio-temporal dynamics of hake aged 0 are well described by Petitgas (1998) , and information on the distribution of adult hake is given by Poulard (2001) . This work gives information on the spatial distribution of intermediate age groups and provides an overview of space occupation by the different age groups of hake. A multivariate approach permits us to produce results combining all age groups and years (Figure 11 ), and to identify trends and outliers that exist in the time-series (Figure 12) . Therefore, the ontogenetic pattern of hake seen here seems to be a prevailing characteristic for the stock. Age group 3 appears to mark a key point in the spatial dynamics of the hake population and could be linked to the maturation cycle. Males attain maturity smaller and younger than females (~39 cm and 3.4 years, and ~47 cm and 4.2 years, respectively; ICES, 2005). Regarding depth preference, the ontogenetic pattern of distribution that we observed here has also been found for Mediterranean hake, age 0 fish being distributed almost exclusively at depths of 100-250 m, intermediate ages (mainly 1-year-olds) being concentrated shallower, and older hake generally being found over the slope of the continental shelf (Abella et al., 2005) .
Data were sourced from standardized surveys, the same gear being used throughout and survey conditions not varying significantly. The Bay of Biscay is generally sampled within a period of about one month, so the data year on year are generally comparable in terms of a uni-seasonal signal. However, the set of data provided by autumn surveys does not permit description of seasonal changes in spatial distribution. Therefore, our approach is limited to identifying and quantifying such interannual variations in the spatial pattern as observed during autumn surveys only. Therefore, we need to bear in mind the fact that spatial indices depend on standardized monitoring and can be upset by changes to gear (selectivity and catchability linked to age). However, the patterns may at least partly reflect reality (e.g. the shift of the centres of gravity with age, increased dispersion by age). Of course, this statement applies to any use of survey data.
Finally, spatial indices allow us to capture and to detect changes over time in the spatial pattern of a fish population. They improve our understanding of the spatial dynamics of a population in a quantitative manner. A follow-up step would be to investigate the spatial behaviour of a population in relation to changes in abundance. Potential relationships between spatial indices and fish population dynamics might be expected, and these may be of value in developing new assessment tools and management procedures, in which the spatial patterns of a stock are considered. This could help move towards assessment advice and quota allocation given on a spatially disaggregated basis and allow management authorities to consider the closure of specific areas to fishing when deemed necessary. Spatial management with appropriate tools is required (Babcock et al., 2005) where resources are highly impacted by fishing. - (12) - ( 
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